. A lymphocyte inhibition model was created using a co-culture of donor and host lymphocytes, resulting in apoptosis of the latter, and subsequently, inducing immune tolerance. This method may be used to resolve the immune rejection problem prior to organ transplantation. Using mixed lymphocyte culture (MLC) and/or addition of anti-anti-IL-2 neutralizing monoclonal antibody, we successfully developed a lymphocyte inhibition model in vitro. In this model, the apoptosis of recipient lymphocytes co-cultured with donor lymphocytes was observed by Wright-Giemsa stain, electron microscopy imaging and flow cytometry. The growth and proliferation of mixed lymphocytes were detected by XTT and BrdU assays. Cell viability was determined using CCK-8 cell viability assay. The activity of the recipient lymphocytes was very high when stimulated by antigens alone [PMLC + D2 (Bm) group] but markedly lowered by anti-anti-IL-2 neutralizing monoclonal antibody [PMLC + D2 (Bm) + anti-IL-2 group]. The suppression of recipient lymphocyte activity was due to apoptosis mediated by p53 and caspase-3, and the optimal ratio of donor and recipient lymphocytes for apoptosis was explored. With the exception of the control group, the ratio of apoptotic cells was highest in the PMLC + D2 (Bm) + anti-IL-2 group and lowest in the PMLC + D2 (Bm) group. Blockade of IL-2 with anti-IL-2 neutralizing antibody resulted in an increased number of apoptotic lymphocytes in our experiment, which suggested that IL-2 inhibits the apoptosis of lymphocytes. These data suggest that IL-2 is involved in MLC-induced apoptosis of recipient lymphocytes, and that apoptosis may be associated with p53 and caspase-3 pathways.
Introduction
Organ transplantation is one of the greatest advances in modern medical science, but immune rejection following organ transplantation may cause tissue damage and even fatality. Transplant rejection occurs when the lymphocytes of the recipient recognize the allogenic antigens carried by the donor organ, and the recipient's immune system starts a process of attacking the transplanted organ. In the majority of cases, the transplant rejection response is moderate to severe, and it is almost inevitable in the allograft. Therefore, researchers are interested in studying immune suppression following organ transplantation and induction of immune tolerance prior to organ transplantation.
There are two possible mechanisms of allorecognition initiated by host T lymphocytes: the direct method (in acute rejection) and the indirect method (in chronic rejection). IL-2, a T-lymphocyte growth factor, plays an important role in T lymphocyte-mediated transplant rejection. The acute rejection is associated with elevated IL-2 levels in cyclosporine-treated patients. A significant change in IL-2 mRNA level in transplanted kidney could be detected 2 days prior to rejection (1-3). Rimm et al (4) demonstrated that the IL-2 mRNA level of the graft was correlated with acute rejection. Moderate rejection, on the contrary, was associated with decreased IL-2 production. The fixed TCR-β chain caused a defective response to alloantigen, which was measured as decreased IL-2 generation and utilization, followed by an abnormally decreased graft-versus-host response (GVHR). Another opposite opinion, however, deemed that IL-2 induced immune tolerance via regulatory T cells (5) (6) (7) (8) .
Immune tolerance related to organ transplantation is defined as a characterized state induced by the absence of a specific, deleterious immunological reaction against an allograft. It can be maintained with immunosuppressant drugs. Certain researchers (8) observed that donor antigens were capable of inducing death of lymphocytes in certain conditions. Transfusion of the donor antigen to the thymus of the recipient prior to organ transplantation induces immune tolerance in animals (9-11) and donor-specific transfusion prior to organ transplantation alleviates immune rejection in clinical Immunosuppression induced by apoptosis of mixed lymphocyte culture is associated with p53 trials (12, 13) . Therefore, it is reasonable to propose that donor antigen could inhibit the lymphocytes of the recipient and even induce their death. Due to the complicated internal environment, the observed suppressive effect in vivo is different from that in vitro, and is also unstable. To resolve the immune rejection problem ahead of organ transplantation, a lymphocyte inhibition model was established by co-culture of recipient and donor lymphocytes in order to induce immune tolerance. We co-cultured lymphocytes from different individuals in vitro, who could be regarded as donor and recipient, respectively, and detected the activities of lymphocytes in order to explore the mechanism of the activity change.
Materials and methods
Ethics. The study was approved by the Ethics Committee of Department of Cardiovascular Surgery, the PLA 309 Hospital, Beijing, China according to the Declaration of Helsinki. Written informed consent was obtained from the patients.
Cell preparation
Preparation of receptor cells. Blood (from a healthy control) was added to lymphocyte isolation liquid in a centrifuge tube, centrifuged at 1,000 rpm for 20 min, the mist-like buffy coat in the middle of the tube was imbibed, washed with RPMI-1640 medium and stained with trypan blue. More than 95% of the cells were alive, and then the live cells were counted. The cell concentration was diluted to 1x10 7 cells/ml with RPMI-1640 containing 20% fetal bovine serum. The suspension was noted as R.
Preparation of donor (D) lymphocytes. Another sample of blood (from a healthy control) was added to lymphocyte isolation liquid in a centrifuge tube, centrifuged at 1,000 rpm for 20 min, the mist-like buffy coat in the middle of the tube was imbibed, washed with NS liquid and then the number of cells was counted. The suspension of the lymphocytes of the donor, after being inactivated with mitomycin, was noted as D (Bm). Half of D (Bm), noted as D1 (Bm), was diluted to 1x10 7 cells/ml with RPMI-1640 medium containing 20% fetal bovine serum. The other half of D (Bm), noted as D2 (Bm), was divided into 10 aliquots, and stored at -70˚C.
Mixed lymphocyte culture (MLC).
Lymphocyte specimens R and D1 (Bm) were mixed into 6-well plates (10 wells in total), cultured at 37˚C in a 5% CO 2 incubator for 72 h, and this was noted as the MLC. On the fourth day, MLC in the first well was collected, washed with RPMI-1640 medium and then counted. The cell concentration was diluted to 1x10 6 cells/ml with RPMI-1640 containing 20% fetal bovine serum, and the suspension was noted as PMLC (primed mixed lymphocyte culture) (14) . An aliquot of frozen D2 (Bm) was washed with RPMI-1640 medium and then counted. The cell concentration was diluted to 1x10 6 /ml with RPMI-1640 containing 20% fetal bovine serum. RPMI-1640 liquid (100 µl) was used as a blank control, and 50 µl PMLC was used as a control. PMLC and D2 (Bm) were grouped in the following ways: i) PMLC 50 µl and D2 (Bm) 50 µl; ii) PMLC 50 µl and IL-2 purified neutralizing monoclonal antibody 15 µl; iii) PMLC 50 µl, D2 (Bm) 50 µl and IL-2 purified neutralizing monoclonal antibody 15 µl. The mixtures were respectively divided into 96-well plates and cultured in an incubator at 37˚C in 5% CO 2 for 24 h.
IL-2 monoclonal neutralizing antibody was provided by Professor Boquan Jin (The Fourth Military Medical University, Xi'an, China).
Wright-Giemsa stain. Following culture and collection, the cells were diluted to a concentration of 1x10 6 cells/ml. The cells were then smeared, fixed with 4% formaldehyde, stained with Wright-Giemsa for 3-4 min and then washed with distilled water until the edges showed a faint pinkish red. The smear was made transparent with xylene, and finally cell morphology was observed by microscopy.
Electron microscope detection. In order to obtain transmission electron microscope (TEM) images, cells were harvested from flasks with a cell scraper and washed twice with PBS prior to fixing with 5% glutaraldehyde for 1 h at 4˚C. The pellet was fixed with 1% osmium tetroxide (OsO 4 ) and dehydrated in a graded series of cold ethanol (30, 50, 70, 95 and 100% ethanol, respectively). Finally, pellets were embedded in 100% pure resin (Durcupan ACM, Fluka, Buchs, Switzerland) (15) . Thick (1.5 µm) and ultrathin sections (~50 nm) were cut with a Sorvall Porter-Blum MT2-B ultramicrotome (Porter, USA). Ultrathin sections were collected on copper grids and stained with uranyl acetate (5% uranyl acetate in 70% ethanol) and 0.3% lead citrate. Unstained ultrathin sections were observed with a Philips CM200 TEM to identify the condition of the lymphocyte membrane, nucleus, chromatin, nuclear envelope and apoptotic body.
Cell growth and proliferation assay. Cell growth was determined by the colorimetric tetrazolium-derived XTT (sodium 3'-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis(4-methoxy-6-nitro) benzene sulfonic acid hydrate) assay (Roche Applied Science, Mannheim, Germany) and DNA synthesis of cells was assessed by the bromodeoxyuridine (BrdU) incorporation assay (Roche Applied Science). For the cell growth and proliferation assay, at 48 h after transfection the cells of each group were re-seeded in 96-well plates at a density of 0.3-1x10 4 cells/well. After 48 h, XTT and incorporated BrdU were measured colorimetrically using a microtiter plate reader (Bio-Rad, Hercules, CA, USA) at a wavelength of 450 nm (16) .
Cell viability assay. Cell viability was determined using a CCK-8 cell viability assay kit (Dojindo Laboratories, Kumamoto, Japan). All cells (5x10 3 cells/well) were pretreated according to the manufacturer's instructions and then incubated with or without 0.1 mM H 2 O 2 for 16 h in a 96-well plate. Cell viability assay kit solution (10 µl) was added to each well. Following incubation for 1 h at 37˚C in the dark, absorbencies were measured at 450 nm using a multiwell plate reader (17) .
Determination of apoptosis. Apoptotic cells were identified by fluorescence-activated cell sorting (FACS) using Annexin V-Fluos (Biolegend, San Diego, CA, USA) according to the manufacturer's instructions. Apoptosis was verified by detection of activated caspases and p53.
Antibodies and immunoblotting. Immunoblotting was performed as described previously (14) . The following antibodies were used for immunoblotting at the indicated dilutions: p53 antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA; 1:1,000), caspase-3 (Cell Signaling Technology; 1:1,000) and β-actin (Santa Cruz Biotechnology, Inc.; 1:1,000). All affinitypurified and species-specific fluorophore-conjugated secondary antibodies were obtained from Santa Cruz Biotechnology, Inc. and used at dilutions between 1:500 and 1:800.
Statistics. All data are shown in the form of the means ± SD. Significance was determined using the paired Student's t-test and one-way ANOVA test on the mean values of 3 different experiments. SNK-q was used to compare between 2 groups. All data were analyzed with SPSS 10.0 software for Windows™. P<0.05 was considered to indicate a statistically significant difference.
Results
Lymphocytes stained with Wright-Giemsa. The lymphocytes of each group were stained with Wright-Giemsa at an appropriate time point. All apoptotic cells exhibited deep blue karyotin staining, nuclear atypia, chromatin margination, apoptotic bodies, karyopyknosis and nuclear schizolysis, but the normal group did not (Fig. 1A) . The counts of apoptotic cells in the PMLC (Fig. 1B) and PMLC + D2 (Bm) groups (Fig. 1C) were markedly lower than those in the PMLC + anti-IL-2 ( Fig. 1D) and PMLC + D2 (Bm) + anti-IL-2 groups (Fig. 1E) . In the PMLC + D2 (Bm) + anti-IL-2 group (Fig. 1E) , the counts of lymphocytes were lower than those in the PMLC + anti-IL-2 group (Fig. 1D) .
Apoptosis of lymphocytes observed by TEM. The lymphocytes were observed by TEM (x10,000). Nuclear atypia, chromatin margination, karyopyknosis and schizolysis, as well as disappearance of nuclear envelopes and integration of cellular membrane, was observed in the images, particularly in the PMLC + anti-IL-2 group.
Blockade of IL-2 with anti-IL-2 purified neutralizing monoclonal antibody inhibits lymphocytes growth and proliferation.
The lymphocyte growth in the PMLC + D2 (Bm) + anti-IL-2 group was lower than that in the PMLC and PMLC + D2 (Bm) group (P<0.01) as detected by XTT assay, but not in the PMLC + anti-IL-2 group (Fig. 2A) . The results of lymphocyte DNA synthesis analyzed with BrdU showed that the DNA change in the PMLC + D2 (Bm) + anti-IL-2 group was less than that in the PMLC and PMLC + D2 (Bm) group (P<0.01), but not in the PMLC + anti-IL-2 group (Fig. 2B) . Cell viability was evaluated by CCK-8 assay (Fig. 2C ) and lymphocyte proliferation was evaluated by cell count (Fig. 2D) . The results were similar to those from the XTT assays. The proliferation of lymphocytes in the PMLC + anti-IL-2 group (P<0.01) was significantly inhibited, but not in the PMLC + D2 (Bm) and PMLC + anti-IL-2 groups (P>0.05).
Blockade of IL-2 with anti-IL-2 purified neutralizing monoclonal antibody promotes lymphocyte apoptosis.
The effects of MLC, as well as IL-2 purified neutralizing monoclonal antibody, on apoptosis distribution were determined by flow cytometry. The counts of apoptotic lymphocytes in the PMLC + anti-IL-2 group (11.25±0.78%) and the PMLC + D2 (Bm) + anti-IL-2 group (31.65±1.33%) were much higher than in the PMLC (5.95±0.24%) or PMLC + D2 (Bm) groups (2.15±0.04%), respectively (P<0.01). The difference between the PMLC + anti-IL-2 and PMLC + D2 (Bm) + anti-IL-2 groups was also statistically significant (P<0.01; Fig. 3 ). The results revealed that MLC and IL-2 purified neutralizing monoclonal antibody significantly induced apoptosis of lymphocytes. 
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p53 and caspase-3 were involved in recipient lymphocyte apoptosis. In the PMLC + anti-IL-2 and PMLC + D2 (Bm) + anti-IL-2 groups, the expression of p53 increased significantly, particularly in the latter. The evidence that lymphocyte apoptosis is induced by MLC and IL-2 purified neutralizing monoclonal antibody, particularly by the latter, and is associated with caspase-3 activated cleavage products is shown in Fig. 4 . Overall, these results indicate that MLC and IL-2 purified neutralizing monoclonal antibody promotes lymphocyte apoptosis via p53 and caspase-3 pathways (Fig. 4) .
Discussion
Transplant rejection is a complex and redundant response to grafted organs. Its major targets are the major histocompatibility complex (MHC) antigens, which are designated as human leukocyte antigens (HLAs). T lymphocytes recognize . p53 and caspase-3 are involved in lymphocytes apoptosis. In the PMLC + anti-IL-2 and PMLC + D2 (Bm) + anti-IL-2 groups, the expression of p53 increased significantly, particular in the latter. The lymphocyte apoptosis induced by mixed lymphocyte culture and addition of IL-2 purified neutralizing monoclonal antibody were identified to be associated with caspase-3 activated cleavage products, particularly when anti-IL-2 was added. Overall, these results indicate that mixed lymphocyte culture and addition of IL-2 purified neutralizing monoclonal antibody promote apoptosis of mixed culture lymphocytes via pathways involving p53 and caspase-3.
A B C D
foreign antigens only when the antigen or an immune peptide is associated with a self-HLA molecule on the surface of an accessory cell known as an antigen-presenting cell (APC).
To resolve the immune rejection problem ahead of organ transplantation, we established a lymphocyte inhibition model by co-culturing mixed lymphocytes to induce recipient cell apoptosis and immune tolerance. The main type of inducible cell death is apoptosis. Apoptosis is a type of programmed cell death (18) and is regulated by a series of signal cascades in an orderly manner. The caspase cascade response plays a vital role in the induction, transduction and amplification of intracellular apoptotic signals (19) . Caspase-3 is a key factor in apoptosis execution, being responsible either partially or completely for the proteolytic cleavage of numerous key proteins (20) .
In addition, p53 also plays a fundamental regulatory role in apoptosis, and induces apoptosis by caspase activation (21) . The p53 protein, which is encoded by the TP53 gene, has a broad range of biological functions, including regulation of cell cycle, apoptosis, senescence, DNA metabolism, angiogenesis, cellular differentiation and the immune response. The key role of p53 is to induce apoptosis in response to cellular stresses such as DNA damage (22) . Numerous studies have described the mechanism by which p53 induces apoptosis. As p53 functions mainly as a transcription factor, it is important to explore the genes regulated by p53 that contribute to the regulation of apoptosis. Apoptosis occurs through one of two major pathways, described as either the intrinsic mitochondrial or extrinsic death receptor pathway. In the mitochondrial pathway, death stimuli target mitochondria either directly or through transduction by proapoptotic members of the Bcl-2 family, including Bax and Bak. The mitochondria then release apoptogenic proteins, ultimately leading to caspase activation and apoptosis. In the death receptor pathway, following interactions with their cognate ligands, the receptors located at the cellular membrane recruit adaptor proteins such as initiator caspase-8, triggering the activation of caspases to orchestrate apoptosis. The crosstalk between the pathways is mediated via Bid, and possibly other factors that mediate cell death by modulation of the two pathways and perhaps other unrecognized pathways.
Immune tolerance is important in organ transplantation. Apoptosis of lymphocytes plays a critical role in central immune tolerance and peripheral immune tolerance, and is a type of programmed cell death. It is a well-known fact that the properly functioning immune system is dependent on programmed cell death at every developmental stage of the lymphocyte and for its activity. Activation-induced cell death (AICD) is the process by which cells undergo apoptosis in a controlled manner through the interaction of a death factor and its receptor (23, 24) .
IL-2 plays an important and complex role in the immune system, serving as growth factor, differentiation factor and regulator of cell death. The endogenous expression of IL-2 is increased by the costimulation of previously activated T lymphocytes, which increases the expression of Bcl-2 and inhibits AICD of previously activated T lymphocytes (25) . However, certain researchers observed the discrepant phenomenon that IL-2 leads to increased susceptibility to AICD (26-29).
In our research, by using MLC and IL-2 neutralizing monoclonal antibody, we successfully developed an in vitro lymphocyte inhibition model. We demonstrated that antigens and IL-2 neutralizing monoclonal antibody had different inhibitory effects on the lymphocyte activities in various mixed ways. The results showed that the lymphocyte activity was very high when adding antigens alone [in the PMLC + D2 (Bm) group], but was markedly lowered when adding antigens and IL-2 neutralizing monoclonal antibody together [in the PMLC + D2 (Bm) + anti-IL-2 group]. Adding IL-2 neutralizing monoclonal antibody alone (in the PMLC + anti-IL-2 group) also inhibited lymphocyte activity, but the depression effect was weaker than adding antigens and IL-2 neutralizing monoclonal antibody together. By combining the TEM technique, Giemsa-Wright stain and flow cytometry, we found that the depressed lymphocyte activity was due to the enhancement of apoptosis. Similar to the results above, we observed various ratios of apoptotic cells in the different groups. With the exception of the control group, the ratio of apoptotic cells was highest in the PMLC + D2 (Bm) + anti-IL-2 group and lowest in the PMLC + D2 (Bm) group. The presence of IL-2 neutralizing monoclonal antibody was associated with more apoptotic activated lymphocytes in our experiment, which suggested that IL-2 may inhibit apoptosis of lymphocytes.
In our study, we first observed the different level of apoptosis of lymphocytes among different groups, and subsequently attempted to find the dominant mechanism related to apoptosis. As we know, induction of apoptosis is an essential function of p53 as a tumor suppressor (22, 30, 31) . The protein p53 can activate its downstream targets in a sequence-specific manner to induce apoptosis. The majority of tumor-derived p53 mutants are deficient in transcription activation as well as apoptosis induction. p53 can activate genes in the extrinsic and intrinsic pathways through transcription-dependent mechanisms or induce apoptosis through transcription-independent mechanisms. Results showed that the expression of p53 and cleaved caspase-3 increased markedly in the PMLC + D2 (Bm) + anti-IL-2 group, while there was an extremely low level of p53 and cleaved caspase-3 in the PMLC + D2 (Bm) group, which was in accordance with the ratio of apoptotic lymphocytes.
According to these results, we can summarize a novel mechanism of immune rejection: when the IL-2 from activated lymphocytes is blocked with neutralizing antibody, the activated lymphocytes undergo p53-induced apoptosis.
